T he most frequently recognized cardiovascular complication of cancer immunotherapy with interleukin-2 (IL-2) is the vascular leak syndrome (VLS), which is thought to result, at least in part, from the interaction between IL-2-activated lymphocytes (lymphokine-activated killer [LAK] cells) and endothelial cells.'-4 VLS is characterized by an increase in vascular permeability, with fluid retention, peripheral edema, ascites, pleural effusion, and pulmonary edema.5,6 IL-2 therapy also can result in myocardial toxicity. Cardiac arrhythmias have been reported in 14-21% of patients undergoing IL-2 therapy.6'7 Other major cardiotoxic effects reported include myocardial infarction,6-12 myocarditis,1-'4 and cardiomyopathy. 15, 6 Myocardial infarction has occurred in 1.2%,9 2%,6 and 4%7 of patients treated with IL-2. At necropsy, only some of these patients have had anatomic evidence of preexisting atherosclerotic coronary artery disease. '2 Lymphocytic myocarditis and lymphocytic/eosinophilic myocarditis after IL-2 administration have been detected by endomyocardial biopsy or postmortem evaluation.11-14 More recently, two patients were reported to have developed cardiomyopathy after high-dose IL-2 therapy. Endomyocardial biopsy in one of these patients showed marked interstitial edema and myocyte degeneration without myocardial cellular infiltration.'5 The other patient had cardiac dilatation but no evidence of myocardial infarction. '6 The pathogenesis and the ultrastructural morphology of the cardiac lesions induced by IL-2 have not been investigated. Studies in rabbits,'7 rats,18 and mice4 have shown that IL-2 induces extensive infiltration of the myocardium by lymphocytes. The present report describes an animal model in which cardiac morphological changes, including myocarditis and myocardial necrosis, developed in rats after treatment with IL-2 and postulates mechanisms for this cardiotoxicity.
Methods
Sixteen female Sprague-Dawley rats weighing 180-200 g were divided into four groups of four animals each. IL-2 was kindly provided by the Cetus Corp.
(Emeryville, Calif.). Three daily doses of 5 x 10i Cetus 
Results

Gross Examination
In the IL-2-treated rats, especially after 5 days of administration, the hearts were dilated, the pericardial cavity contained clear, straw-colored fluid, and the pleural cavities contained clear yellowish or bloody fluid. The lungs had hemorrhagic areas. The lymph nodes were enlarged.
Effect of IL-2 on Organ Weight
There were no significant differences between the weights of the hearts, livers, and kidneys in control and experimental animals on days 2, 3, or 5. However, lung weights of experimental animals on days 2 and 5 were greater than those of control animals.
Histological Observations
Lymphocytic infiltration and vascular alterations were observed in the noncardiac tissues examined, and all lesions were more severe on day 5 1D ) and capillaries ( Figure 1E ); 2) focal infiltration of the myocardial interstitium by lymphocytes ( Figure 1F ); and 3) interstitial hemorrhage and myocyte necrosis ( Figure 1G ) ( Table 2 ). After 3 and 5 days of treatment with IL-2, these changes became more severe and widespread and consisted of infiltration of lymphocytes (Figure 2A ), eosinophils, and neutrophils, interstitial hemorrhage, edema, myofibrillar loss, vacuolization of myocytes, and myocardial necrosis. In addition to the lymphocytic infiltrate found in myocardial interstitium, the lumina of myocardial capillaries often were filled with lymphocytes. A few foci of lymphocytic infiltrates were also found in the endocardium and subepicardium. These infiltrates also contained some eosinophils, neutrophils, and macrophages. The lymphocytes infiltrating the myocardial interstitium were in close contact with cardiac myocytes ( Figure 2B ), which often showed evidence of damage or necrosis ( Figures  2C and 2D ). This was confirmed by electron microscopic examination (see below).
Most of the infiltrating lymphocytes had large nuclei, prominent nucleoli, and abundant cytoplasm. A few lymphocytes had little cytoplasm and small nuclei. Lymphocytes undergoing mitosis were encountered rather frequently in the myocardial interstitium.
Myocardial necrosis was found primarily in the left and right ventricles. The necrosis was observed in the subepicardium, myocardium, and subendocardium. Newas characterized by cytoplasmic fragmentation and hypereosinophilic staining, without calcific deposit. A few macrophages and eosinophils were present in the necrotic foci. At days 2 and 3, myocardial necrosis occurred in only one of four animals and was minimal. At day 5, necrosis was found in two of four animals; it was more severe and was associated with hemorrhage (Table 2 ). Myofibrillar loss, vacuolization, interstitial edema, hemorrhage, and congestion of capillaries also were more severe on day 5 than on days 2 and 3. The two animals that had myocardial necrosis on day 5 also showed more severe lymphocytic infiltrations and microcirculatory damage than did the other animals in this group.
Immunohistochemical Study
Study of immunoperoxidase-stained preparations showed that many of the lymphocytes found in the interstitium ( Figure 2E ) and in the lumina of the capillaries were asialo GM1 ganglioside antibody-positive. Cells showing this type of immunoreactivity were rarely found in the myocardium of control animals; these cells were located in the interstitium. Immunohistochemical control preparations gave negative results.
In asialo GM1 ganglioside antibody-stained preparations, the distinguishing features of the immunoreactive cells were that 1) their morphology was characterized by large round or elongated shapes; 2) their contacts with myocytes and endothelial cells were frequent; 3) their numbers greatly increased as the treatment continued; and 4) their distribution became extensive, involving predominantly pericardium, subepicardium, and myocardium.
In the hearts of control animals, very few OX 8 antibody-positive T-cytotoxic/suppressor lymphocytes were scattered in the interstitium of the myocardium. These immunoreactive cells increased in number with the increased time of treatment with IL-2. They were found singly ( Figure 2F ) or in small groups of two or three cells distributed in the myocardial interstitium, subepicardium, and subendocardium. Close contacts between OX 8 antibody-positive cells and myocytes or endothelial cells in capillaries and venules were found only occasionally. In the vicinity of vessels, OX 8 antibody-positive T-cytotoxic/suppressor lymphocytes were also present.
OX 6 antibody-positive dendritic cells, W3/25 antibody-positive T-helper lymphocytes, and W3/25 antibody-positive macrophages were found to increase with the duration of IL-2 treatment. These cell types were distributed individually. No clustering of dendritic cells with T-helper lymphocytes and no aggregates of dendritic cells were found.
Electron Microscopic Observations
The myocardium of control rats was ultrastructurally normal. The capillary endothelial cells showed their usual normal features, with thin walls, well-organized intercellular junctions, and moderate numbers of pinocytotic vesicles. Venules were recognized by the fact that they were larger than capillaries and were composed of an endothelial cell layer and an investing layer that consisted of only a very few, discontinuously arranged smooth muscle cells and/or pericytes. 27 venules. In control hearts, no areas of extensive, close approximation between endothelial cells and lymphocytes or neutrophils were found, although these cells occasionally filled the lumina of capillaries and contacted small areas of their walls.
After 2 days of IL-2 treatment, small numbers of lymphocytes were in close contact with the endothelial cells of capillaries and venules and in the interstitial spaces. These lymphocytes had oval nuclei with abundant chromatin in their periphery. Free ribosomes were frequently scattered throughout the cytoplasm. Several mitochondria, a few profiles of rough-surfaced endoplasmic reticulum, and variable numbers of granules of high electron density were present in the cytoplasm, usually on one side of the cell. These granules were round or oval, measured from 0.2 to 0.7 gm in diameter, were limited by single, trilaminar membranes, and were filled with amorphous, electron-dense material. They imparted a characteristic appearance to the lymphocytes ("large granular lymphocytes"). Both small and large agranular lymphocytes, lacking the characteristic cytoplasmic granules just described, were also present in the interstitium. Such cells were only occasionally found in contact with endothelial cells. The agranular lymphocytes displayed a round nucleus containing dense heterochromatin and some euchromatin. Their cytoplasm contained a few free ribosomes and polyribosomes. Mitochondria, cisterns of endoplasmic reticulum, Golgi complexes, and centrioles were rarely observed.
After 2 days but especially after 3 and 5 days of IL-2 treatment, the granular lymphocytes were in close contact with the endothelial cells in capillaries and venules and with cardiac myocytes. Two types of contacts between lymphocytes and endothelial cells were observed: 1) contacts in which the apposed areas of the two plasma membranes were relatively smooth ( Figure 3A ) and 2) contacts in which the apposed membranes, particularly those of the endothelial cells, formed extensive interdigitations ( Figure 3B ). Contacts between neutrophils and endothelial cells were of the first type just described ( Figure 3C ). Contacts of the second type often were associated with what appeared to be progressive surrounding of the lymphocytes by cytoplasmic processes of the endothelial cells ( Figure 3B ).
The morphology of the lymphocytes contacting the myocytes was characterized by an oval or triangular cell shape, often with long or short spikelike projections that extended to the sarcolemma of the apposed myocytes. The basement membranes of myocytes were focally damaged or absent at points of contact with lymphocytes, thus allowing the plasma membranes of the two cells to become directly contiguous ( Figure 3D ). Vesicles that measured from 0.16 to 1.1 ,um in diameter and had a lucent content were frequently present in the cytoplasm of the myocytes, just subjacent to the sarcolemma, in areas of contact with lymphocytes ( Figure 4A ). Mild, focal myofilament loss, myelin figures, cytoplasmic edema, and dilatation of sarcoplasmic reticulum and T-system were noted in some of these myocytes.
Lysis of the myocytes was characterized by loss of the myofilaments and was associated with the accumulation of lysosome-like cytoplasmic structures ( Figure 4B ). These ranged from 0.25 to 1.75 ,um in diameter and contained electron-dense concentric lamellae (myelin figures) ( Figure 4B ). In the interstitium, lymphocytes were also in close contact with fibroblast-like cells that had many cisterns of rough endoplasmic reticulum.
At 2 days and thereafter, some endothelial cells showed cytoplasmic swelling and had increased numbers of pinocytotic vesicles and myelin figures ( Figure  SA) . Some endothelial cells showed nuclear pyknosis and extensive separation of the basement membrane from the plasma membrane ( Figure SB ). The lumina of many capillaries were completely occupied by lymphocytes. The junctions of some capillary endothelial cells were widely dissociated. Some damaged capillaries contained aggregates of platelets, some of which had expanding cytoplasmic processes that appeared to be extending into the interstitium ( Figure SC) . Lymphocytes undergoing mitosis were frequently found in the interstitium. The nuclei of endothelial cells in areas of tissue damage became enlarged, and numerous cytoplasmic processes projected into the lumina of the capillaries and small venules ( Figure SD) .
Myofilament loss and dilatation of both the sarcoplasmic reticulum and the T-system also were more evident on days 3 and 5 than on day 2. Myocardial necrosis involved small groups of myocytes and was characterized by hypercontraction bands, fragmentation of myofilaments, and intramitochondrial amorphous or flocculent densities.
Some myocytes showed unusual alterations consisting of shrunken, elongated, highly dense nuclei, as well as increased density of mitochondria and myofibrils. Such nuclei contained highly condensed heterochromatin almost exclusively. The interstitium surrounding these myocytes was edematous. Cells showing these changes appeared very dark in light microscopic preparation stained with toluidine blue and hypereosinophilic in histological sections stained with hematoxylin and eosin.
The nuclei of necrotic myocytes showed margination of chromatin followed by karyolysis ( Figure 6A ). Whorls of membranous structures were found in the cytoplasm of necrotic myocytes; the mitochondria had lost their cristae and contained amorphous inclusions. The smooth-muscle cells in arterioles and the fibroblastlike cells adjacent to necrotic myocytes showed nuclear pyknosis, which involved shrinkage of the nuclei and condensation of the chromatin ( Figure 6B ). Myocyte necrosis was accompanied by accumulations of platelets, fibrin, red blood cells, lymphocytes, eosinophils, and neutrophils in the surrounding interstitium. Some macrophages were also in close contact with myocytes that had focally interrupted basement membranes but were not necrotic. Other conspicuous features of lymphocytes were deeply indented nuclei, well-developed Golgi complexes, and numerous cytoplasmic granules. The eosinophils found in the lumina of capillaries and small veins had bilobate nuclei. Most granules in the cytoplasm showed the structural features typical of normal, mature eosinophil granules ( Figure 6C ). In necrotic areas, however, the eosinophils in the interstitium showed variable decreases in the intensity of the staining of the central, dense cores of granules ( Figure 6D ).
Discussion
The morphological features of the cardiotoxicity observed in the present study are similar to those described in humans undergoing cancer immunotherapy with IL-2."1-'5 These features include lymphocytic and eosinophilic infiltration, various endothelial alterations, interstitial edema, hemorrhage, myocyte vacuolization, myofibrillar loss, and myocardial necrosis. The extracardiac lesions also were similar to those found in humans" and rats18 receiving IL-2. Thus, we consider that the rat is a useful animal model for the study of the cardiotoxicity of IL-2.
The mechanisms of IL-2-induced cardiotoxicity are not well understood. Whether IL-2 directly or indirectly damages cardiac muscle remains controversial.8"0'2930 Several studies have suggested that this toxicity is mediated through multiple indirect effects on different cellular components of the heart rather than by a direct effect on cardiac myocytes.29 '30 cells, the perfusion of isolated rat hearts with IL-2 alone has no adverse effects on cardiac function. 53 The ultrastructural changes found in endothelial cells in our study were similar to those described in other reports of the effect of IL-2.4,54-56 Such alterations occurred earlier than those involving the cardiac myocytes. Endothelial hypertrophy, similar to that found in the present study, has been induced by TNF. 53 The mechanism of this hypertrophy is unknown. The early endothelial changes observed in our study progressed to damage to the microcirculation, with separation of intercellular junctions, disruption of the capillary network, and obstruction of capillaries by masses of lymphocytes and aggregates of platelets. We believe that this damage contributes to the development of myocardial necrosis.
Myocyte Damage and Necrosis
Our ultrastructural observations suggest that two major mechanisms are involved in the pathogenesis of the myocardial necrosis in IL-2-treated rats: 1) ischemic necrosis, related to the microcirculatory disturbances just cited, and 2) cytotoxic/cytolytic necrosis, related to the contacts between IL-2-activated lymphocytes and cardiac myocytes. It is extremely difficult to assess the relative importance of these two factors. Circulating myocardial depressant factors, oxygen free radicals, vasoactive substances, thromboxane, prostaglandins, and secondarily released cytokines (IFN, IL-1, and TNF) also may have contributed to the myocardial damage. 15.30 Three ultrastructural observations support the concept that the contacts between lymphocytes and myocytes were biologically significant, rather than resulting simply from the topographical approximation caused by the infiltration of lymphocytes into myocardial interstitium: 1) the formation of cytoplasmic processes that extended from the main cytoplasmic mass of the lymphocytes toward the myocytes; 2) the focal loss of the basement membranes of myocytes in the regions of these contacts; and 3) the pattern of organization of the cytoplasmic organelles of the contacting lymphocytes, which became concentrated in the areas adjacent to the myocytes. These findings also are in accord with the concept that the cytolytic effects of lymphocytes are mediated by direct contact with the corresponding target cells. 42, 57 Myocyte necrosis associated with infiltration of lymphocytes containing large amounts of perforin has been noted very early in the course of Coxsackieviral myocarditis in mice.58 This necrosis is associated with lymphocyte-myocyte contacts that are ultrastructurally similar to those described in the present study. 59 Perforin induces the formation of porelike holes in the membrane of the target cell, which results in loss of the barrier function of the membrane, with penetration of Ca2' ions and various toxic products and leakage of critical cytoplasmic components. These events may lead either to reparative processes or to cell death by cytolysis.
Most of the ultrastructural features of the myocyte necrosis observed in the present study correspond to those of necrosis with contraction bands.60 This type of necrosis occurs in a variety of toxic injuries, but it also develops in myocardial ischemia that causes only temporary or partial reduction in blood flow. It develops when membrane damage permits the entry of excessive amounts of calcium into the myocytes, causing hypercontraction of myocytes. Necrosis with contraction bands is found in peripheral regions of myocardial infarcts. In contrast, coagulation necrosis is characterized by features similar to those of autolysis and typically is observed in central regions of infarcts, in which necrosis develops while tissue perfusion is completely interrupted. The membrane damage and the excessive influx of Ca2+ leading to the contraction band necrosis observed in the present study could have resulted either from the cytolytic effects of lymphocytes or from ischemic damage caused by alterations in the microcirculation. The morphology of the myocyte necrosis observed in the present study differed in two respects from that usually found in contraction band necrosis: 1) the focal accumulations of vesicles subjacent to the sarcolemma in areas of myocyte-lymphocyte contacts and 2) the absence of intramitochondrial calcific deposits. The vesicles may have represented attempts at decreasing cell injury by endocytic uptake (internalization) of damaged areas of membranes. The lack of calcium deposition may have been caused by microcirculatory abnormalities severely limiting the amount of tissue perfusion necessary to bring Ca 2+ ions into damaged myocytes.
In summary, the present study shows that the rat is a useful animal model to study the features of the myocardial damage produced by the administration of large doses of IL-2. Myocarditis and myocardial necrosis develop as eventual consequences of a series of events that are triggered by the activation of lymphocytes and endothelial cells, with subsequent damage to the microcirculation and infiltration of LAK cells into myocardial interstitium, where they exert cytolytic effects upon the cardiac myocytes.
